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FORE WORD 

This report  describes the progress  of work conducted between October 
2 ,  1965 and January 2,  1966 by the Pratt & Whitney Aircraft  Division 
of United Aircraft  Corporation, East  Hartford, Connecticut, on Contract 
NAS3 - 7635, Brayton-Cycle Turbomachinery Roller-Contac t Bearings, 
for  the Lewis Research Center of the National Aeronautics and Space 
Administration. 
strate performance of a rolling-element bearing system fo r  the 
Brayton-cycle turbomachinery being developed on Contracts NAS3-4 179 
and NAS3-6013. 

The objective of the program is to design 'and demon- 
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I. SUMMARY 

This report  presents the work completed during the second three-month 
period of a design and experimental program formulated to investigate 
the potential of oil-lubricated rolling-element bearings for  Brayton- 
cycle space power machinery. The technical progress ,  the work 
accomplished and the program status f o r  the second quarterly period 
from October 2 ,  1965 through January 2 ,  1966 a r e  presented. 

During the previous report  period a rolling-element bearing lubrication 
system concept was evolved and during this period the concept was 
refined and defined further. Alternate concepts were also investigated 
but, while the alternates can provide grea te r  assurance of satisfactory 
operation in a l l  of the anticipated environments, each involves signifi- 
cantly high parasit ic losses  to the system. 
compressor  rotor support and face seals were established, leaving 
only details to be worked out in other a r e a s  to complete the design 
phase of the turbine -compressor.  The balancing requirements,  nlat-  
e r i a l  selections and related information for the turboalternator were 
specified, es  s entially completing the turboalter nator des ign a l s  0. 
Laboratory scale tes ts  of candidate adsorber materials indicate that 
a practical  adsorber can be made for the conditions anticipated in the 
system. 
f o r  the system lubricant. 

Features of the turbine- 

A five-ring polyphenyl ether was recommended to the NASA 

I 
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11. INTRODUCTION 

In the application of the Brayton cycle to space power sources ,  two 
types of rotor support systems a r e  being considered and evaluated by 
the National Aeronautics and Space Administration. In one case ,  the 
rotating components a r e  supported by gas bearings and the cycle work- 
ing fluid is used a s  lubricant and bearing coolant. In the other case ,  
the ro tors  a r e  supported by rolling-element bearings which a r e  lubri-  
cated and cooled by oil. 

The specific Brayton-cycle machinery considered in this program con- 
s i s t s  of a turbine-driven compressor and a turbine-driven al ternator .  
These units a r e  being designed and constructed utilizing gas bearings 
under Contracts NAS3-4179 and NAS3-6013. The gas  bearing vers ion 
of this machinery is shown in Figure 1 .  
compressor  at 7 6 ° F  through the inlet duct around the housing which 
contains a thrust  bearing and a radial  bearing. 
pressed  in the six-stage axial-flow compressor  and then flows through 
the radial  diffuser exit scroll  and ducting. 
1490°F outside of the unit and is returned to the turbine inlet ducting 
and scroll .  A second radial  gas bearing is located between the com- 
p res so r  exit and turbine inlet. 
stage axial-flow turbine which drives the compressor  a t  50, 000 rpm. 

stage alternator-drive turbine. 
12 ,  000 rpm and is supported by bearings on each side. 
through the alternator- drive turbine, the argon exhausts through the 
exit scrol l  and ducting. 
re turned to the compressor  inlet. 

The cycle flow enters  the 

The argon is com- 

The argon is heated to 

The argon flows through the single- 

It iiien exhausts  tliroagh the exit d i i ~ t i ~ g  ~ h k h  C G G G ~ C ~ S  t~ t h ~  P::G- 
The 4-pole alternator is driven at 

After passing 

It is cooled outside of the machinery and 

The vas t  majority of Brayton-cycle powerplants in use in the world 
today employ rolling-contact oil-lubricated bearings.’ 
tion of Brayton-cycle machinery to  the space environment, several  
significant questions require  investigation to determine if  rolling- 
e lement  bearings can provide a satisfactory rotor  support system for 
this application: 

In the applica- 

1 )  Can rolling-element bearings provide the endurance capa- 
bility with the high reliability required in space applications for a 
nominal mission time of 10.000 hours ? 

2) Can the lubricant be cooled and circulated in a zero-gravity 
environment ? 

PAGE NO. 2 
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3) Can the lubricant system and bearing cavities be sealed 
with low parasi t ic  power losses  by components with the required life 
capability ? 

4) Can the lubricant be prevented from contaminating the 
cycle working fluid (argon) ? 

The purpose of this program i s  to design and investigate the per form-  
ance of a rolling-element bearing system for the turbine-compressor  
and turboalternator being developed under Contracts NAS3-4179 and 
NAS3- 6013. 
a r e  bearings,  seals ,  lubrication system and gas cleanup system, The 
work consists of the following four phases: 

The components of this rolling-element bearing system 

1)  Design of a rolling-element bearing system that re ta ins  
components of the turbine-compressor and turboalternator (designed 
under Contracts NAS3-4179 and NAS3-6013) to a s  grea t  an extent as 
pract ical  with no alteration in aerodynamic design. The shaft support 
system is intended to achieve low parasit ic losses  commensurate with 
high reliabil i ty for the ful l  mission life. 

2) Design and fabrication of component tes t  r i g s .  

3) Cnndllct be..rizg, seal, scavenge separatcr and adsorber 
performance tes ts .  

4) Conduct a pilot endurance demonstration of the rolling- 
element bearing system. 

Although the rolling-element bearing system encompasses the turbo- 
a l ternator  as  well a s  the turbine-compressor,  only the rolling-element 
bearing system components fo r  the turbine-compressor will be investi- 
gated experimentally. 
turboal ternator ,  will be evaluated in a separate  tes t  r i g  as will the 
residual  oil adsorber .  

The separator,  which is an integral  par t  of the 
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III. ROLLING-ELEMENT BEARING LUBRICATION SYSTEM 

The basic objective of the rolling-element bearing lubrication system 
for  the Brayton-cycle turbomachinery is to provide proper  lubrication 
and cooling while preventing contamination of the basic cycle working 
fluid. In addition, the bearing,seals, and lubrication system must  not 
impose excessive losses  on the powerplant. 
must  be able to function properly in the gravity-free space environment 
and also on the ground fo r  development testing and pre-launch checkout. 
During ground operation, the machinery may be oriented horizontally 
o r  vertically with the compressor  end up. 

- 

The lubrication system 

The requirements that the powerplant be able to operate at various 
attitudes in various gravitational fields and also provide low losses  
presents  a severe oil feed and scavenge system design problem. A 
conventional oil sump and oil pump system i s  dependent upon gravity 
and cannot be considered for  this application. Therefore,  systems 
which depend upon centrifugal effects to scavenge the oil and argon 
f rom the various bearing compartments have been considered. 
same centrifugal slingers and pumps have been used to provide the 
p re s su re  necessary to recirculate the oil through the system. 
combination of seals  is required to separate the lubrication system 
f rom the main cycle argon system. 
into the lubrication system and argon also 
lubrication system, leading to the complication of two-phase flows. 

These 

A 

However, some argon will leak 
must  be circi i lated in the 

In the previous report '  a schematic diagram of a lubrication system was 
presented which used centrifugal principles to circulate the oil  and 
argon in two-phase flow through the system. 
period this schematic was refined and alternate schematics were 
investigated. In a l l  of the systems considered, cer ta in  basic features 
were retained. 
inner r ace  and lubricated by oil  mist  in  argon gas passing through the 
bearing. 
of face seals to provide proper pressure on the face seals and to prevent 
any oil  that weeps past  the seal  from reaching the pr imary  cycle. 
Provisions a r e  incorporated to permit oil to lubricate the rubbing a r e a  
of the face seal ,  i f  required. 
leads to the main cycle in two stages. 
separa tes  oil droplets and returns them to the lubrication system. 
oil-argon mixture i s  cooled in the separator to condense some of the 

During the present report  

Each bearing i s  cooled by lubricant flowing under its 

Some main cycle gas is supplied in labyrinth seals  upstream 

Oil i s  separated from the argon gas which 
First, a centrifugal separator  

The 

Numbered references a r e  listed i n  Appendix 1 

PAGE NO. 5 



. PRATT'& Wti lTNEY AIRCRAFT PWA-2780 

oil vapor. 
through a molecular sieve where the oil is trapped and the resulting 
clean argon returns to the pr imary cycle. 
oil is returned to an accumulator by scooping the oil f rom a rotating 
pool. The heat generated in the bearings and seals  i s  removed by a 
cooler located in the recirculating system. 

Then the relatively clean argon containing oi l  vapor passes  

In the centrifugal separator ,  
- 

The schematic diagram discussed in  Reference 1 is presented in Figure 
2. This system includes the features described above and utilizes 
centrifugal pumps in the seal  plates of the turbine-compressor and 
turboalternator to furnish the necessary pressure  to t ransport  oil and 
argon through the system. The pressure r i s e  in these pumps is low 
because the impeller velocities a r e  limited by the available space. 
Therefore,  centrifugal pumps in the turbine-compressor and turbo- 
alternator a r e  arranged in ser ies  in  o rde r  to provide the maximum 
system pressure  rise. The oil flow to the turboalternator bearings is 
metered within the shaft and the same quantity of oil flows through the 
turbine-compressor bearing compartments. This system provides 
fairly low losses;  however, i t  has several  disadvanteges. First, it 
l imits the Brayton-cycle machinery to a simultaneous startup so that 
the turboalternator must be started at  the same time a s  the turbine- 
compressor .  Second, all of the oil passes  through the turboalternator 
rotor which requires energy to increase the oil velocity to the impeller 
tip velocity. Actually, the turboalternator could be operated with about 
one-quarter of this oil flow. 
and the possibility of gas accumulating in this container exists in the 
10, 000-hour machine. Fourth,  when the system is operated in the 
ver t ical  position in a 1 g field, approximately half of the oil  must be 
ca r r i ed  vertically by about half of the argon flow through a vertical  r i s e  
of 3 3  inches from the turboalternator to the turbine-compressor. 
ver t ical  r i se  results in increased pressure drop in the pipe and reduced 
argon flow attempting to c a r r y  the oil. 
probably result  in vertical operation. 
satisfactorily, it is unsteady and unpredictable. Therefore,  slug flow 
is c on side red unde s i  rable . 

Third, a dead-ended accumulator is used 

This 

As a result ,  slug flow would 
While slug flow might operate 

A modified system shown on Figure 3 was considered which incorporates 
a positive oil feed line from the accumulator to the turbine-compressor,  
In this system, the turbine-compressor can be started by injecting oil  
f rom the accumulator pr ior  to starting the turboalternator. 
positive oil flow through the accumulator which will minimize the possi-  
bility of trapping gas in the accumulator. The oil supplied to the turbo- 
a l ternator  bearings is significantly reduced and' only this flow is lifted 
during vertical  operation. The combination of losses  in the upward flow 
direction is  improved due to the lower oil flow. 

There is a 
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Total power loss  for  the revised lubrication system shown in Figure 3 
i s  1480 watts and a breakdown of these losses  i s  presented in Table 1: 

TABLE 1 

Brayton-Cycle Rolling-Element Bearing Lubrication Sys tem 

Type of Loss  
and Location 

Power Losses  

Oil Flow, Argon Flow,Power Loss,  
lb /hr l b / h r  watts 

Turbine-Compressor Compartment 1 

bearing heat generation 60 
seal heating 60 
oil pumping 60 
argon pumping - 

total 

Turbine-Compressor Compartment 2 

bearing heat generation 80 
seal  heating 80 
oil pumping 80 
argon pumping - 

total 

Turboalte rnato r Compartment 1 

bearing heat generation 
s e a1 heating 
oil pumping 
argon pumping 

total 

Turboalternator Compartment 2 

be a r in g he at gene ration 
oil  pumping 
argon pumping 
separator  drag 
oil probe drag  
separator  pumping 

to tal 

15 
15 - 

- 
4 

202.1 
200.0 
147. 5 

9.8 

559.4 

203. 5 
200.0 
196.8 

9. 8 

610. 1 

73. 0 
55 .8  

6.2  
2 . 4  

137.4 

108. 0 
10. 3 
2.7  
7. 1 

29. 0 
16.4 

Total Losses 
173. 5 

1480.4 
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The face seals  require argon bleeds through labyrinth seals  f o r  proper 
pressurization to prevent oil leakage. 
leakage through the face seals.  The summary of the bleed and leakage 
flows is presented in Table 2. 

Also, there  will be some g a s  

. 

The revised lubrication system shown on Figure 3 i s  a recirculating 
system with a number of single-phase and two-phase (oil and argon) 
flow passages. 
section of the system is presented in Figures  4 through 13 and the 
le t ters  identifying the various locations in the circui t  are  shown in 
Figure 3. 
in the turboalternator to the Number 1 bearing a r e a  in the turbine- 
compressor ,  Stations J to K on Figure 3, is presented a s  3 curves in 
Figure 8. The argon-oil mixture must r i se  33 inches vertically f rom 
J to K when the power system is mounted vertically in a 1 g field. 
p re s su re  loss when operating vertically consists of the sum of the basic 
friction loss  for  flow in a horizontal pipe and the equivalent head loss. 
In horizontal operation on the ground o r  in a zero-gravity environment, 
the p re s su re  loss  will correspond to the friction pressure  loss  of Figure 
8 which was determined by the Lockhart-Martinelli correlationz. 
vertical  operation, the head loss  based on an equivalent fluid density is 
added to produce the total p ressure  loss in Figure 8. 
turboalternator Number 2 bearing a rea  to the Number 2 compartment 

about 22 inches and the pressure  loss again i s  dependent upon orientation, 
a s  indicated in Figure 7. Another vertical two-phase upward flow occurs 
in the return line from the bottom of the turboalternator to the separator.  
A vertical  r i s e  of 11.2 inches is involved. 
section, Stations U to V,  i s  presented in Figure 12 in a manner s imilar  
to Figure 8. 

The pressure  drop as  a function of argon flow for  each 

The pressure  drop from the Number 1 bearing compartment 

The 

In 

The flow from the 

i n  the h r h i ~ e - r , c m - p r ~ ~ ~ ~ r  qt3t;nnC tc H,i~-.~~!~.~es 2 x.rertica! rise =f 8 -"-"----- 

The p res su re  loss  fo r  this 

The system also includes two-phase flow in the downward direction when 
the powerplant i s  oriented vertically. This flow passes  through an oil 
cooler which consists of a single-jacketed pipe with liquid coolant c i r -  
culated in the jacket. The estimated pressure  losses  f o r  both vertical  
and horizontal operation for  this return of the two-phase flow a r e  
presented in Figures 10 and 11. 

The scavenge pumps located on the turbine-compressor shaft (integral 
with the seal  plates) have a tip velocity of about 460 feet/second. 
the oil  has  no influence on the pump performance, the static p re s su re  r i s e  
ac ross  the impeller i s  about 0.46 psi. 
d i f fuser  could be in the range of 0. 34 to 0 . 5 6  psi. Therefore,  the con- 
servative assumption was made that the kinetic energy a t  the discharge 

Assuming 

The losses  in the exit volute and 
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of the impeller is lost. 
evaluated in a s imilar  manner. 
capable of providing some further pressure  rise which just  about balances 
the pressure  losses  in the separator.  The estimated sum of the p re s su re  
increases  provided by the scavenge pumps is 0.66 psi. 
various pressure  losses  in the system with this driving p res su re  indicates 
a system flow of 8.55 pounds per  hour of argon into the separator  a r e a  
for  operation in  the horizontal o r  zero gravity environment. 
vertical  direction, the corresponding argon flow is 6. 10 pounds per  hour. 
A summary of the zero gravity o r  horizontal operating conditions estimated 
for  the lubrication system in Figure 3 is  presented in Table 3. 
corresponding conditions fo r  vertical operation on the ground with the 
compressor  end up a r e  presented in Table 4. 

The scavenge pumps in the turboalternator were 
The separator  contains a small  impeller 

Matching the 

In the 

The 

TABLE 3 

Brayton-Cyc le Rolling- Element Bearing Lubrication Sys tem 

Summary of P res su re  Losses 

Horizontal o r  Zero-Gravity Operation 

Station on Oil Flow, Argon Flow Press- L O S S ,  

Figure 3 De s c rip tion lb /h r  l b / h r  psi  

A-B 
B-C 
C-D 
J - K  

L- M 
N-S 
B-E 
E-F  
G-H 

P-Q 
R-S 
S-T 
T-U 
u-v 
V-A 

line from separator  to alternator 
labyrinth seal - 
rol  le r be a r  in g - 
line f rom turboalternator to 10 

ball bearing 10 

labyrinth seal - 

- 

turbine - c o mp re  s so r 

scavenge line 60 

ball be a r in g - 
line from turboalternator to 15 

ball bearing 15 
scavenge line 80 
line to cooler 140 
line from cooler 140 
scavenge return 140 
separator  4 

turbine - compre s so r  
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6. 75 
3. 17 
3. 17 
3.77 

3.77 
4. 07 
3 .  58 
3. 58 
4. 18 

4. 18 
4.48 
8. 55 
8.55 
8.55 
8. 55 

0. 024 
0.073 
0.090 
0. 116 

0.055 
0.111 
0.090 
0.009 
0.102 

0.058 
0. 109 
0.035 
0.089 
0. 058 
0.094 
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TABLE 4 

Brayton-Cycle Rolling-Element Bearing Lubrication System 

Summary of P res su re  Losses  

Vertical Operation 

Station on Oil Flow Argon Flow Press. Loss, 
Figure 3 Description lb /h r  l b / h r  psi  

A-B 
B-C 
C-D 
J-K 

L- M 
N-S 
B-E 
E-F  
G-H 

P-Q 
R-S 
S-T 
T-U 
u-v 
V-A 

line from separator  to alternator - 4. 30 0.009 
labyrinth seal 
rol ler  bearing 
line from turboalternator to 

turbine - compre s so r  
ball be a r ing 
scavenge line 
labyrinth seal 
ball bearing 
line f rom turboalternator to 

turbine- compre s s o r  
ball bearing 
scavenge line 
line to cooler 
line f rom cooler 
scavenge return 
separator  

- 
- 

10 

10 
60 
- 
- 

15 

15 
80 

140 
14 0 
140 

2 

1.40 
1.40 
2.00 

2.00 
2.30 
2.90 
2.90 
3.50 

3.50 
3.80 
6. 10 
6. 10 
6. 10 
6. 10 

0.020 
0.011 
0.273 

0. 048 
0.072 
0.062 
0.009 
0.2 14 

0.054 
0.086 
0.002 
0.053 
0.223 
0.050 

An examination of the two-phase flow conditions indicates that annular flow 
can be expected when the system i s  operating horizontally o r  in  zero  
gravity. 
flow phenomena in t e r m s  of a liquid and a gas flow parameter  for  flow 
in horizontal pipes. 
the different flow regimes marked. Actually, the demarcation between 
the flow regimes is not sharp,  but rather the lines in Figure 14 represent  
transit ion regions. The flow conditions fo r  the various two-phase 
sections in the lubrication system for horizontal operation are included 
in Figure 14. These points a l l  fall  in  the annular flow regimes although 
some are  close to slug flow (the line from the Number 1 turboalternator 
cavity to the Number 1 turbine-compressor a r e a  and the Number 1 turbine- 
compressor  scavenge line). 

Ovid Baker3 has  developed a correlation of various two-phase 

This correlation i s  presented in Figure 14 with 
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In ver t ical  operation Griffith and Wallis4 have developed a two-phase 
flow regime correlation based on the l imited ver t ical  flow data avail- 
able. This correlation is presented in Figure 15 and the three major  
ver t ical  flows in the lubrication system a r e  included in this plot. 
Figure 15 indicates that the vertical  flows a r e  all well within the annular 
o r  mi s t  flow regime. The 
Baker correlat ion is for horizontal flow only, but i f  these ver t ical  flow 
conditions were  placed on the Baker correlation they would fall in the 
slug-flow regime. 
requires  experimental verification. References 5 through 18 a r e  fur ther  
discussions of two-phase flow phenomena. 

There is some question about this result. 

Two-phase flow is not a well-defined art and evidently 

If higher argon flows were used in the sys tem,  all of the two-phase flows, 
both ver t ical  and horizontal, could fall in the annular regime on the 
Baker correlation. 
r i se  in the scavenge pumps would be required. 
overall p re s su re  losses  which must  be matched by the scavenge pump 
p res su re  as a function of argon flow. 
the pumps as designed is  difficult to establish. 
made that the kinetic energy added to the oil w a s  lost  and made no 
contribution to the p re s su re  rise.  
in the scavenge pumps is many times the energy added to the argon, 
a s  indicated in Table 1. 

Therefore,  the lubrication system may operate with increased margin 
f r o m  slug flow over the situation presented in Figure 14. 

In o rde r  to achieve these higher flows higher p re s su re  
Figure 16 presents  the 

Actually, the p re s su re  r i s e  in 
The assumption was 

The kinetic energy added to the oil 

If  it is a conservative assumption that the 
eiiei.gy- iIl uii is lost, a Flig>lei. pressiire rise " ~ y -  be achieve& 

One alternate approach is to use a scavenge pump designed to utilize 
the kinetic energy in the oil ra ther  than in the argon. 
energy i s  5 to 20 t imes that of the argon, significant improvements in 
p re s su re  r i s e  may be possible. Since the oil i s  rotated in the various 
grooves for  cooling, no additional power loss  i s  imposed on the system 
when the kinetic energy of the oil is  used f o r  pumping. 

Since this kinetic 

An al ternate  scavenge pump design, Figure 1 7 ,  is being developed based 
on the je t  pump principle where the o i l  is the energizing fluid and the ar- 
gon is the medium being pumped. 
je t  in a c i r cu la r  pipe is  not practical fo r  this machinery. 
je t  is replaced by a sheet of oil discharged radially f rom a rotating 
impel ler .  
s e rves  as the throat of the pump. 
se rves  as a diffuser. 
surrounding cavity into the passage, where the two fluids mix and 
exchange energy. 

The conventional configuration of a single 
The p r imary  

This s t r eam of oil enters  a narrow annular passage which 
Since the passage is radial it a lso 

The high velocity oil d rags  argon from the 

This annular form of the jet pump has the inherent 
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advantage of providing a large interface a r e a  between the pr imary  and 
secondary fluids in  a shor t  throat section. The performance potential 
of the annular oil jet pump is very high with a pressure  r i s e  of between 
1 and  5 psi, depending primarily on the width of the annular passage. 
Figure 18 presents the ideal pressure r i s e  as a function of throat width. 
Pump performance a s  a function of argon flow is presented in Figures 
19, 20, and 21 for various throat widths. Since the oil sheet must en- 
t e r  the annular passage without hitting the wal l s  of the passage to r ea l -  
ize proper fluid mixing, the performance is limited by the annular pas-  
sage s ize  that can be used within the l imits  of the mechanical a r range-  
ment. 
tween 0.045 and 0.090 inch appears practical. 

In the turbine-compressor scavenge pump a passage width be- 

If the annular je t  pump were to perform as predicted in Figure 2 1 with 
a passage width of 0.090 inch (a conservative value) in the turbine- 
compressor ,  the pump pressure  r ise  would be over 1.0 psi,providing 
a system p res su re  r i s e  of about 1 .2  psi. In the horizontal o r  zero- 
gravity environment, the argon flow into the separator  area would be 
12.9 pounds pe r  hour. In the vertical position the corresponding flow 
would be about 12.1 pounds p e r  hour. 
conditions in  the horizontal case  is l isted in  Table 5 and the vertical  
operating conditions are presented in Table 6 .  
conditions fo r  the improved scavenge pump system a r e  in the annular 
regime a s  shown on the Baker correlation in Figure 22 and the Griffith 
and W a l l i s  correlation in Figure 2 3 .  
tion i o r  horizontai fiow is appiied to ver t ical  operation, annular flows 
are also indicated. 

A summary of the operating 

The two-phase flow 

Actually, when the Baker cor re la -  

Another method of utilizing the kinetic energy imported to the oil is to 
scoop the oil f rom a rotating pool. 
in this manner, but generally a t  some sacrifice in losses.  
a l ternate  is  presented schematically in Figure 24. 
only two-phase vertical  r i s e  occurs from Stations U to V in Figure 24, 
the re turn line to the separator  area. Al l  of the oil returning f rom the 
turbine-compressor passes  through the turboalternator. 
scoop in  the Number 2 compartment of the turboalternator is replaced 
by a flow divider which directs the proper amount of oil to each bearing 
location. 
to the turbine-compressor but rather it i s  scooped and returned to 
the accumulator. 
f r o m  the turboalternator to the turbine-compressor. 

High oil p ressures  can be developed 
Such an 

In this case,  the 

The small  

Theoil  leaving the turboalternator is  not car r ied  by argon gas  

Argon with a small quantity of oil mis t  o r  vapor flows 
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TABLE 5 

Bray-Jn-Cycle Rolling-Element Bearing Lubri ti n System 

Oil Jet Scavenge Pumps in Turbine-Compressor 

Summary of P res su re  Losses  

Horizontal o r  Zero-Gravity Operation 

Station on Oil Flow Argon Flow Press. Loss 
Figure 3 De sc  ription lb  / h r  l b /h r  psi  

A-B 
B-C 
C-D 
J-K 

L-M 
N-S 
B-E 
E-F  
G-H 

P-Q 
R-S  
S-T 
T - U  
u-v 
V-A 

line from separator  to alternator - 
labyrinth seal - 
rol ler  bearing - 
line from turboalternator to 10 

ball bearing 10 

labyrinth seal - 

turbine - compre s s o r 

scavenge line 60 

ball be a rin g - 
line from turboalternator to 15 

ball bearing 15 
scavenge line 80 
line to cooler 140 
line f rom cooler 140 
scavenge return 140 

turbine- compres s o r  

separator  2 

11. 1 
5. 3 
5. 3 
5.9 

5.9 
6.2 
5.8 
5. 8 
6.4 

6.4 
6.7 

12.9 
12.9 
12.9 
12.9 

0.066 
0. 186 
0. 013 
0.230 

0.075 
0. 194 
0.226 
0.009 
0. 150 

0.080 
0.200 
0.051 
0. 126 
0.070 
0.220 
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Station on Oil Flow Argon Flow P r e s s .  Loss 
I Figure 3 Description lb  /hr lb  /hr psi  

PWA-2780 

TABLE 6 

Brayton-Cycle Rolling-Element Bearing Lubrication System 

Oil Jet Scavenge Pumps in Turbine-Compressor 

Summary of P res su re  Losses  

Vertic a1 Operation 

L-M 
N-S 
B-E 
E-F 
G-H 

P- Q 
R-S 

I S-T 
T-U 
u-v 
V-A 

I 

i 

t u rb ine  - p_cm-n r P a G n r r- - - _  
ball bearing 
scavenge line 
labyrinth seal 
ball bearing 
line from turboalternator to 

turbine - compre s s or 
ball bearing 
scavenge line 
line to cooler 
line to cooler 
scavenge return 
separator  

10 
60 
- 
- 

15 

15 
80 

140 
140 
140 

2 

5.4 
5.7 
5.5 
5.5 
6. 1 

6. 1 
6.4 

12.1 
12.1 
12.1 
12.1 

0. 069 
0. 142 
0.200 
0. 009 
0.280 

0.076 
0. 187 
0. 029 
0. 104 
0. 140 
0. 192 
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The scoops in th turboalte r nato (Figure 24) impose d r  
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s of about 
L 600 watts. A summary of the losses  for the lubrication system employ- 

ing scoop scavenge pumps in the turboalternator is presented in Table 7. 
The p res su re  losses  in certain sections of the system in Figure 2 4 a r e  
different f rom the losses  in the corresponding sections of Figure 3. 
These revised performance curves a re  presented in Figures 25, 2 6 ,  27 
and 28.  
orientation are summarized in Table 8. 

r 

The resulting operating conditions with the system in a vertical  

This alternate lubrication system provides greater  margin in the un- 
certainties of two-phase flow, but only at a sacrifice in parasit ic 
losses.  
machinery with small  changes, i t  will not be pursued fur ther  at this 
time. 
evaluation, this alternate could be incorporated by changes in the turbo- 
alternator and external plumbing. 

Since this alternate system could be incorporated in the turbo- 

If the basic system were to be found deficient in experimental 

A third variation of the lubrication system was examined briefly. 
alternate incorporates scavenge pumps s imi la r  to those used in SNAP-8 1 9  . 
However, the preliminary examination indicated higher parasit ic losses  
and this concept was not considered further. 

This 
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TABLE 7 

Brayton-Cycle Rolling-Element Bearing Lubrication 
System 

Scoop Scavenge System 

Power Losses 

Type of Loss 
and Location 

Oil Flow Power Loss, 
l b /h r  watts 

Turbine - Compres so r Compartment 1 

bearing heat generation 50 202.1 
seal  heat generation 50 200.0 

argon pumping 10.0 
oil pumping 50 123. 0 

535.1 

Turbine-Compres sor  Compartment 2 

bearing heat generation 60  203.5 

n;l -a* n x - r n n - i n n  y"". r*--b 60 147. 5 
seal heat generation 60 200.0 

argon pumping 10. 0 
561.0 

PWA-2780 

Turbo a1 te  rna to r Compartment 1 

bearing heat generation 
seal  heat generation 
oil pumping 
argon pumping 
scoop drag 

Turboalternator Compartment 2 

be a ring heat gene rat ion 
oil pumping 
argon pumping 
scoop drag 
separator  drag 
separator  pumping 

Total 
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55 
55 
55 

73. 0 
55. 8 
28. 8 

2.7 
310.0 

470. 3 

22 108. 0 
55 28. 8 

2.7 
310.0 

7. 1 
16.4 

473.0 
2039.4 watts 
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TABLE 8 

PWA-2 780 

Bray ton - C yc 1 e Rolling - El em ent Bearing Lub r ic  ation System 

Scoop Scavenge System 

Summary of P r e s s u r e  Losses  

Vertical Operation 

Station on 
Figure 24 Description lb /hr  lb / h r  psi  

Oil Flow, Argon Flow, P r e s s u r e  Loss, 

A-B line from separator  to 
a l ternator  - 7.5 0.031 

B-C labyrinth seal  - 3.6 0.090 

C-D rol ler  bearing - 3.6 0.012 

J-K line from turboalternator 
to turbine-compressor - 4.2 0.055 

L-M ball bearing - 4.2 0.048 

N-S scavenge line 50 4 .5  0.070 

B-E labyrinth sea l  - 3.9 0. 104 

E-F ball bearing - 3.9 0.009 

G-H line f rom turboalternator 
to turbine - comp r e  s s o r  - 4 . 5  0. 045 

P-Q ball bearing - 4 .5  0.061 

R-S scavenge line 60 4.8 0.052 

S-T line to cooler 110 9.3 0.006 

T-U line f rom cooler 110 9. 3 0.066 

U-V scavenge return 110 9 .3  0. 134 

V-A separator  2 0 .3  0. 109 
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IV. TUR BINE - COMPRESSOR DESIGN 

I 

The basic turbine-compressor design task is to adapt a rolling-element 
bearing system that can be used as an alternate to the gas bearing 
system which i s  presently being'developed under contract  NAS3-4179. 
The overall  design objectives and considerations are: 
bearing, seal  and lubrication system that provides endurance capability 
with a high degree of reliability for a mission time of 10, 000 hours,  
2) to use a bearing, seal  and lubrication system that has acceptable 
parasi t ic  losses ,  and 3) to evolve a mechanical design that utilizes 
the existing aerodynamics with minimum alterations.  
r epor t  1 the general  arrangement  of the turbine-compressor design 
was presented. 
the resu l t s  of a detailed analysis of the turbine-compressor rolling 
element bearing was presented. 
mechanical design was continued. 
t ra ted on the rotor  dynamics system and the seal  designs. 

1) to use a 

In the previous 

A preliminary cri t ical  speed map was determined and 

During this repor t  period the overall 
In addition detail effort was concen- 

A.  Rotor Dynamics 

The dynamic motion of the mechanical system which is composed of a 
rotating assembly, i t s  bearings, seals and bearing support s t ruc tures  
was analyzed. 
rotor  system resonant frequencies jcriticai speecisj, iiie d p z i i i i ~  shaft 
displacements due to rotating unbalance, and the resultant bearing 
loads. In addition, aspects  of seal  performance and bearing installa- 
tion and preload a r e  considered relative to the rotor mechanical 
character is t ic  s. 

The facets of the rotor dynamics considered a r e  the 

In the previous quarter ly  report  a preliminary cr i t ical  speed map was 
presented. The rotor resonance frequencies were recalculated during 
this repor t  period to incorporate changes in the design to improve the 
thermal  design and the assembly procedures. 
speed map is shown in Figure 29 ,  
ciably different from the ear l ie r  results.  As in the ear l ie r  analysis,  
for  a particular springrate the system passes  through the first two 
cr i t ica l s ,  which a r e  essentially rigid- body modes, in accelerating to 
the design speed of 50 ,000  rpm.  

The revised cr i t ical  
Actually, the resu l t s  a r e  not appre- 

Fur ther  examination of the cri t ical  speed map shows that the opera- 
ting speed of 50 ,000  rpm is near  the second crit ical  mode when the 
ro to r  i s  supported with an effective bearing springrate of approximately 
250 ,000 pounds per inch, corresponding to the turbine-compressor 
ball bearings.  The ball bearing springrate charac te r i s t ics  a r e  shown 
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in Figures  3 0  and 31 a s  a function of load and speed. 
Reference 1 the ball bearings require a minimum thrust  load of 30 
pounds to provide a small  skidding margin. To obtain the minimum 
dynamic response amplitude at  the design speed, the spring and 
damping charac te r i s t ics  of the rotor support system must  be selected 
to provide cr i t ical  speeds which are  well rcmovcd from the operating 
speed. The problem.then, of designing a rotor support i s  to select  a 
method which wi l l  provide the required bcaring support spr ingrate  and 
damping a s  well a s  provide axial movement to accomplish bearing thrus t  
loading. 

AS discussed in 

AVERAGE EFFECTIVE BEARING SPRINGRATE - LBAN 

Figure 29 Critical  Speed Map for Turbine-Compressor 

Analysis of possible methods of providing the required rotor support 
spr ingrate ,  damping and bearing thrust load led to the selection of 
an oil squeeze film type of bearing support, 
this support i s  shown in Figure 32. The outer r ace  of the bearing is  
mounted in a nonrotating cylindrical member.  
is  contained in the controlled clearance between the outside diameter 
of the cylinder and the bore of the compressor  case.  
f rom the ro tor  a r e  transmitted through the ball bearings and support 
cylinder to the squeeze film. 
a s  well  as damping. 

The configuration of 

The oil support film 

R a d i a l  forces  

The oil film provides a nonlinear support 
Coil springs located a t  the end of the cylindrical 
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member in which the bearing is  mounted provide the necessary  bearing 
pre-load. 
to thermal  expansion. 
spring loading into one assembly provides a relatively simple design. 

This feature a lso provides for axial movement of par t s  due 
The combination of the squeeze film and the 

The dynamic rotor response character is t ics  at the turbine-compressor 
r e a r  bearing, the most  cr i t ical  location, a r e  shown in Figure 33. The 
total deflection is due to the deflection in the ball bearing and the oil 
squeeze film. The overall  springrate of the rotor  support consis ts  of 
the springrate of the ball bearing and the oil squeeze film which oper- 
ate in ser ies .  A s  shown on the curve,  the total movement of the rotor 
at the r e a r  support is  l e s s  than 1 m i l  at 50,000 rpm with 0. 002 ounce- 
inch unbalance which is the maximum amount of unbalance anticipated 
at the end of 10,000 hours of operation. 
squeeze film in reducing the overall rotor  support springrate to  obtain 
cr i t ical  speed margins  is shown by Figure 34. This curve of the rela-  
tionship of rotor  speed to cr i t ical  speed indicates that the oil film 
support provides a system having a safe margin between the operating 
speed of 50,000 rpm and the second and third cr i t ical  modes. 

The effectiveness of the oil 

A s  can be seen from the resu l t s  of Figure 34, and by re fer r ing  back to 
the cr i t ical  speed map of Figure 29, the effective rotor  support spring- 
ra te  with the squeeze film is near 100,000 pounds per  inch instead of 
near  250,000 pounds per  inch, the rate  with the bearings alone. 

A discussion was presented in the previous repor t  
design features  of the bearing cavity a t  the turbine end of the turbine- 
compressor .  
and the envelope increased in  s ize  radially to provide a cooler and 
l a rge r  bearing cavity. This necessitated a slight refairing of the 
turbine exhaust duct. Performance changes resulting from the re-  
fairing a r e  considered to be negligible. 
fied bearing cavity including the squeeze film bearing support is shown 
in Figure 35. 

relative to the 

The bearing location was shifted outward along the shaft 

A sectional view of the modi- 

In o rde r  to reduce the heat flow from the ductwork surrounding the 
cavity it was necessary to  install a thermal  bar r ie r .  As indicated in 
the lubrication system of this report ,  more  oil is circulated through 
this cavity than through the front cavity to aid in controlling the tem- 
pera ture  of bearing and seal. 
this region is  shown in Figure 36.  Examination of this figure shows 
that the temperature  of the bearing inner r ace  is 371°F and that of 
the outer r ace  is  391°F. 
to be 430°F. 

The expected temperature  pattern of 

A l s o  the temperature  of the seal  is  estimated 
Additional cooling and insulation could be added i f  necessary.  
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CYCLE GAS FLOW PATH 

Figure 3 5  Turbine-Compressor No. 2 Bearing Section 
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I 

Installation of the squeeze film bearing support is s imilar  to that a t  
the f ront  bearing location. 
load for this bearing is obtained from the springs located in the front 
bearing position. 
with a nut. 
balls to the outer race.  
cylinder which is supported in the compressor  case.  

The major difference is that the thrust  

The inner race  is attached to the shaft in compression 
Thrus t  is taken through the inner r ace  and through the 

The outer r ace  is inser ted in the squeeze film 

Oil is introduced to the bearing via a small  p re s su re  tube located con- 
centric to the rotor.  
schematics),  the oil is pumped radially outward underneath the bearing 
r ace  and then out through the seal  plate. G a s  is fed into the cavity in 
a tube surrounding the oil supply tube. This oil-laden gas is pumped 
through the bearing into the seal  plate. The cooling oil flow and oil- 
laden gas join in the seal  plate impeller and a r e  then discharged into 
the scavenge line. 

A s  discussed above (see  lubrication system 

B. Seals 

The basic sealing concept being developed for all  main shaft bearing 
compartments consists of two labyrinth seals  adjacent to a face seal.  
High-pressure argon is fed between the labyrinth seals  to provide a 
p res su re  differential across  the face seal  and to provide a purge for 

in containing the oil within the lubrication system. This feature a l so  
provides a buffer zone between the cycle gas and the bearing and seal  
cavities to reduce cycle gas contamination. A system is provided to 

clean up, and re -use  the bleed gas as  well as  the gas  which 
leaks past  the seals.  A further requirement of these designs is that 
there  be no oil leakage from the bearing compartment a t  shutdown. 

t’hat mig’nt ieak past tine face seal. TI-:- - - - - - . . - A  22cr ---- 4.:- I1113 p1 CZBZBULG Ull1C.L C I I L I C L ?  aids 

The pr imary  consideration in designing the face seals  for  this appli- 
cation is to weigh the performance charac te r i s t ics  of several  possible 
designs against the complexity and degree of r i sk  involved. 
configurations being considered will minimize oil leakage, gas  leakage, 
and power consumption consistent with the long t e r m  durability and 
reliabil i ty requirements  of the Brayton-cycle power system. 

Seal 

Four face seal  designs a r e  being considered in detail for possible 
evaluation and use in the turbine-compressor. All  four designs have 
the same overall  envelope to permit interchangeability during evalua- 
tion and eventual use. 
2) oil- lubricated, 3) gas-lubricated, and 4) controlled-clearance. Each 
design becomes a positive contact seal  at  shutdown. 

The designs can be categorized as 1) dry face,  

The first design 
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is based upon the accepted general  practice of having a carbon ring 
bear  against a rotating metal  seal  plate. 
carbon grade, carbon geometry, and face loading a r e  the pr imary  
variables.  
sidered. The stringent low leakage requirements  indicate that the 
best  choice for the secondary seal  is a damped metallic bellows. A 
bellows is a zero-leakage seal  which accommodates a misalignment 
and axial movement due to thermal gradients,  mechanical fitup and 
wear .  The bellows proposed for t h i s  design, a s  well as for the other 
designs,  incorporates a damper which improves the reliability and life 
of the bellows. The manner in which this type of seal  would be incor- 
porated into the turbine-compressor is  shown in Figure 35. 
thermal  map for this type of seal  in the turbine-compressor is shown 
in Figure 36 for the Number 2 location. As  shown in the thermal  map, 
the maximum temperature  expected is in the order  of 400 to 430°F. 
It is estimated that this seal  would consume about 200 watts and would 
leak about 0. 3 pound per  hour of argon at the design speed of 50 ,000  
rpm. 

In this design, the 

Compatibility of the rotating metal  seal  plate is also con- 

A predicted 

A wear allowance of 0. 030 inch is provided. 

The second seal  design being considered for the turbine-compressor is  
a modification to the dry-face design. This second type, called a wet- 
face design, incorporates oil passages through the rotating metallic 
seal  plate which directs  oil to the contact a r e a  between carbon and the 
metaiiic seai  plate. 
surfaces .  
tion and increase the hydrodynamic drag.  
such a s  the bellows,are essentially the same a s  the first design discussed 
above. Relative to the drv-face design. gas leakage will  be lower, and 
wear  will be greatly reduced. 
order .  of magnitude a s  that of the dry-face design and the thermal  maps 
a r e  essentially unchanged. 

__  
'I he oil introduced forms a film between the mating 

Other features  of this design, 
The net resul t  is to decrease the coefficient of rubbing fr ic-  

Power consumption will be of the same 

The third design is of the hydrodynamic l i f t  variety. 
is modified to provide hydrodynamic lift capability through a spiral-  
groove configuration based upon the Whipple gas  bearing design. 
spiral-  groove. outward-pumping design is favored because of its inherent 
high film stiffness.  
figuration a s  a function of film thickness is shown in Figure 37. 
film stiffness charac te r i s t ics  a r e  shown in Figure 3 8 .  
of 0. 0003 to 0. 0004 inch a r e  needed to a s su re  an adequate margin be- 
tween resonant frequency and operating frequency. 
pumping feature will oppose oil weepage and reduce operating tempera-  
ture .  
leakage flow of 0. 2 to 0. 3 pound per hour is anticipated and wear is 
expected to be very low. 

The contact face 

The 

The seal  face loading of the selected groove con- 
The 

Film thicknesses 

The outward- 

Power consumption is expected to be l e s s  than 50 watts. Argon 

PAGE NO. 48 



n . .  . .  
P R A T ~  dr WHITNEY AIRCRAFT 

32 

P W A  -2780 

l 4  
12 9 
10 ' 

GAS FILM THICKNESS-INCHES x IO 
Figure 38 Turbine -Compressor Hydrodynamic Gas Film Seal. 

Spiral Groove Configuration. 
acte r is t ics 

Gas Film Stiffness Char - 

PAGE NO. 49  



1 . .  
S R A T T ’ ~  WHITNEY AIRCRAFT P W A -  2 780 

The fourth design being considered for the turbine-compressor is a 
floating labyrinth bellows seal,  The labyrinth is a floating carbon 
r i n g  which has  a close radial  clearance with the rotating shaft. 
carbon ring is free to move axially along the shaft and seat  on the 
shaft-rotating seal  plate on one side and on a retractable  bellows-suppor- 
ted seal  plate on the other. Under static conditions, this seal  resem-  
bles a positive contact face seal. That is, the bellows ac ts  as a spring 
and clamps the carbon r ing  between two seal  plates, one attached to the 
shaft and the other to the bellows. 
and temperature ,  the nonrotating seal  plate re t rac ts ,  followed by the 
carbon ring, allowing a small  clearance space between the shaft and 
the carbon ring to control the leakage. 
carbon ring is controlled by a metal shroud on the carbon outer dia- 
meter  and thereby matched to the shaft expansion. 
potential of low leakage (0.  2 - 0. 3 pound per hour) and low power 
consumption ( less  than 50 watts) with good reliability. 
charac te r i s t ics ,  however, a r e  not well known. 

The 

When operating under p re s su re  

The expansion ra te  of the 

This design has  a 

Oil leakage 

The tes t  phase of the seal  program calls for operation of three turbine- 
compressor  seal  designs. These tests will verify the design principles 
and establish actual leakage ra tes  and power consumption character is t ics .  
It may be possible to reduce the overall system power consumption 
severa l  hundred watts with either the gas-lubricated o r  controlled- 
c learance type seal. However,  experience with these seals is  l i ~ i t z d  
and their  oil leakage character is t ics  a r e  not well known. Therefore,  
the estimated seal  power consumption used in the system analysis i s  
based on the more conventional dry and wet-face seals. 
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The basic turboalternator design task under this program i s  to  provide 
a rolling-element bearing system design that can be used a s  an al- 
ternate to the gas bearings presently being developed under Contract 
NAS3- 6013. The overall  objectives of the rolling-element bearing 
design for the turboalternator a r e  identical to those of the c o r r e s -  
ponding turbine-compressor design task discussed in Section N. 

The general  arrangement of the design is  shown in Figure 39, which 
is  essentially the same a s  the concept presented in  Reference 1. 
unit consists of three main sections, the alternator rotor ,  the drive 
turbine, and the oil-gas separator .  The alternator is straddle- 
mounted between a ball and a roller bearing. The turbine is overhung 
f rom one end of the shaft and the separator is overhung from the cther  
end. 

The 

During this repor t  period refinements were made in the rotor  design, 
mainly in the overhung oil-gas separator.  
shown in Figure 4 0  consists of a cylindrical housing assembly attached 
to the end of the alternator shaft adjacent to the main shaft  ball bearing. 
This cylindrical housing contains a porous metallic mat r ix  which pro- 
vides a surface for the oil to coalesce o n  a s  the oil-gas mixture is cen- 

f rom the annulus in the shaft. 
by centrifugal effects and the scoop is separated in the matr ix  and 
pumped along the tapered periphery of the matr ix  cylinder to the 
main slinger.  
a s  well a s  the oil from the ball bearing out oi the turboalternator.  
Figure 4 0  shows that stationary cooling passages a r e  incorporated 
around the circumference of the separator housing. 
this coolant is to reduce the temperature of the oil-gas mixture as it 
p a s s e s  through the separator ,  The cooling removes oil from the gas  
a s  well as cooling the gas before it passes  on to the adsorber  and 
turboalternator rotor  purge lines. 

The oil-gas separator  

t - : c . . - -a  
LLilUSCU. Ail oil scoop is  !ocatec! at t h e  cza tzr  G f  the uzit t G  p = p  si! 

The small  amount of oil not separated 

The slinger adjacent to the ball bearing pumps this oil 

The purpose of 

Design details and refinements were incorporated in the main shaft 
support  in the bearing and seal  areas .  
seal  is required,  that at  the turbine end of the rotor.  
required a t  the other end since the bearing cavity is  connected to the 
separa tor .  A face type contact dry carbon seal  was selected to run  
against  an oil-cooled seal  plate, 
es t imated to be 56 watts. 
modified to accept a wet-face seal  at a later date, i f  desired.  

A s  shown in Figure 1, only one 
No seal  is 

Heat generation for the seal  is  
The arrangement of the seal  envelope can be 

The 
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Figure 39 Turboalternator Longitudinal Section 
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thermal  environments predicted for the bearing and seal  regions a t  
each end of the rotor  a r e  shown in Figures  41  and 42. 
shows the temperature  pattern for the rol ler  bearing and seal  a t  the 
turbine end of the rotor.  A l l  temperatures a r e  well within reasonable 
l imits  for the selected mater ia ls  and anticipated operating conditions. 
The temperature  pattern shown in Figure 42 for thc separator  end of 
the turboalternator a lso indicates that a l l  temperatures  a r e  well within 
established l imits.  The anticipated cooling pattern for the oil-gas 
mixture  as it passes  through the separator is shown in this figure. 
The temperature  of effluent gas from t h c  scpnrator is estimated to be 
reduced to approximately 100 OF. 

Figure 4 1  

In addition to the design work discussed abovc, dctails related to 
machining, balancing and assembly were worked  out. The rotor  is 
designed so  that all close tolerances and concentricities can be held 
by minimizing the number of machine setups and machining operations. 
Balancing of detail par t s  as  well as subassemblies is required during 
assembly.  
and then checked at the design speed of 12,000 rpm. 

A s  a final step the complete rotor  assembly is balanced 
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VI. BEARING-SEAL-SCAVENGE RIG 

Performance investigation of selected elements of the oil-lubricated 
rolling-element bearing system will be conducted a s  a par t  of the over- 
all program. Turbine-compressor  components were selected for ex- 
perimental evaluation because at  the higher speed and in the more  con- 
fined space,  they were considered to be more  cr i t ical  than s imi la r  ele- 
,merits in the turboalternator.  In order to conduct the experimental  in- 
vestigations, tes t  r i g s  a r e  required. Since the turbine-compressor bear-  
ings, seals  and scavenge pumps a r e  s imi la r  in size and a r e  located ad- 
jacent to each other,  one basic type of test  r i g  was selected to  tes t  each 
element separately or  in combination with a minimum number of changes. 
The arrangement  for seal  tes t  evaluation is shown in Figure 4 3  and that 
for bearing and scavenge test  in Figure 44. 
drive turbine and interconnecting housings a r e  common, only the tes t  
section i s  different. 

In both configurations the 

I n  the seal  tes t  configuration the major considerations were 1) to provide 
an environment for the seal  that duplicates the turbine-compressor 
environment, and 2 )  to provide a method of evaluating seal  performance,  
leakage in par t icular ,  with a high degree of accuracy. 
up of th ree  assemblies ,  an a i r  drive turbine, a tes t  adapter,  and the 
tes t  region. 
provide approximately 5 horsepower a t  speeds up to 6 0 , 0 0 0  rpm. 
function of the tes t  adapter is merely to provide a s t ructural  support 
between the drive turbine and the test region and to provide a means of 
ContrGlling p res su res  in the test region which simulate those in the tur- 
bine-compressor.  Th.e purpose of the test  region is, as the name im- 
plies,  to house the tes t  seal. The rotor in this version of the r i g  has a 
f i r s t  cr i t ical  speed of 6 7 , 0 0 0  rpm. 

The r ig  is made 

'The drive turbine is designed to operate un stlop air io 
The 

Performance tes ts  of th ree  turbine-compressor seal  designs will be 
conducted. In each tes t  argon leakage, oil leakage, oil flow rate ,  oil 
inlet t empera ture ,  oil outlet temperature,  oil supply p re s su re ,  and 
gas p re s su re  on each side of the seal will be measured. 
consumption will be estimated from test  data. Tes ts  wi l l  be run a t  
var ious shaft speeds,  including 12,000 and 50 ,000  rpm. Gas leakage 
will be measured under static conditions. Seal and seal  plate wear and 
distortion will be measured. Photographic observations will be made 
a s  appropriate to record wear pattern, oil sludging and general  appear- 
ance. 
ising design for  100 hours. 

Seal power 

The seal  tes t  program will be concluded by testing the most prom 
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Figure 43 Turbine-Compressor Seal Test Rig 
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Figure 4.4 Turbine-Compressor Bearing-Scavenge Rig  
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Design work is nearing completion on this s ea l  r ig  with fabrication 
scheduled to follow a s  soon a s  drawings a r e  available. 

The purpose of the configuration shown in Figure 44 is to evaluate the 
performance of the turbine-compressor bearing, the scavenge pump, 
and the combination of bearing, seal ,  and scavenge pump. The design 
of this r ig  utilizes the same drive turbine and tes t  adapter a s  the sea l  
rig. The drive shaft design is s imilar  to  that of the seal  r i g  but due to  
the inboard location of the seal  the f i r s t  rigid-body cr i t ica l  speed occurs  
a t  a higher speed, about 73 ,000  rpm. In the bearing tes t  configuration, 
bearing cooling and lubrication wi l l  be investigated at  various speed 
levels from 0 to 60 ,000  rpm, with most of the testing a t  50,000 rpm. 
Bearing loads, shaft speed, oil flow, oil temperature  rise and bearing 
temperatures  will be determined. 
from the tes t  data. 
of tes t  par t s  will be made to determine the adequacy of the basic bear-  
ing design. 

Power consumption will be estimated 
Visual and dimensional nondestructive inspec tion 

Since scavenging oil from bearing compartments with a minimum amount 
of power consumption is of major concern, several  scavenge tes t s  will 
be made to investigate the problems of scavenging the oil-argon mixture 
f rom the turbine-compressor bearing cavities. Two types of scavenge 
pumps a r e  being designed; ;1 conventional type centrifugal impel ler ,  and 
the annular j e t  pump discussed on Page 21. In both cases  the pumps 
will be pumping a mixture of gas and oil. 
shaft speeds including 12 ,000  and 50,000 rpm with the shaft in both 
horizontal and vertical  attitudes. 
bearir;g compartment will be monitored and varied a t  each speed. 
graphic observation wi l l  be made of the exit mixture flow. 

Tes ts  will be run at various 

Oil and argon flow into and out of the 
Photo- 

The t e s t  region of the bearing seal scavenge r ig  is versati le and will 
accept the complete turbine- compres s o r  bearing car t r idge including 
the squeeze film support and the axial springs. 
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, The oil-gas separator and oil pump are  two components,in addition to 
the turbine-compressor bearing, seal, and scavenge components,which 
have been selected for experimental investigation. 
a r e  mounted on the free  end of the turboalternator and operate a t  12,000 
rpm. 

Both components 

A separator-pump test  r ig is being designed to evaluate pump perform- 
ance, separator  performance, and combined pump- separator  perform- 
ance. The general design configuration for  the separator-pump test  r i g  
shown on Figure 45 is s imi la r  to that of the bearing, seal ,  and scavenge 
tes t  r igs.  
that of the other rig. 
mediate housing a s  in the other tes t  rig. 
in Figure 45  combines a scoop pump and a separator  section. 
separation will be accomplished at the scoop pump where the bearing 
compartment scavenge gas- oil mixture is introduced, filling the shaft 
r e se rvo i r  with oil and bypassing the gas ,  oil vapor, and overflow oil 
to the separator .  
cumulator by the scoop pump. The argon and some of the oil flows into 
the separator  where the oil and gas a re  separated by centrifugal forces.  

forward toward the bearing compartment, while the argon is discharged 
from the r e a r  of the separator  and is piped out of the compartment. The 
tes t  r i g  design provides the versati l i ty necessary  to evaluate pump and 
separa tor  de signs individually as well as simultaneously. Evaluation of 
pump concepts will be accomplished by removing the separator  section 

This tes t  r ig  wi l l  be driven by an a i r  turbine unit s imilar  to  
The tes t  components a r e  overhung from an inter-  

The r i g  configuration presented 
F i rs t - s tage  

Oil is pumped from the shaft r e se rvo i r  to the ac- 

-1 Irle separated oil is piiiiipe2 along the sloping cu te r  *....a?? arrd diEP,hzr"-J I 3 - -  

and installing the pump test  section shown in Figure 46. This tes t  section 
will permi t  various gas-oil mixtures to be introduced into the shaft r e se rvo i r  
to evaluate scoop pump flow and pressure  performance. First- stage separa-  
tion efficiency a t  the scoop pump will be evaluated by measuring the oil- 
to-gas ratio of the pump discharge. The tes t  r i g  is designed to provide the 
space necessary  to evaluate a rotating oil cup r e se rvo i r  pump which would 
have the oil scoop mounted in the periphery of the tes t  section housing. 

Separator  designs will be evaluated by replacing the shaft oil reservoi r  
feed assembly in the configuration shown in Figure 45 with a shorter  oil- 
gas  mixture feed line which discharges to the separator  inlet only. Sep- 
a ra to r  concepts will be tested by varying the inlet oil-gas mixture and 
measuring the oil content of the gas discharged from the separator.  Trans-  
parent  sections will be incorporated in the oil-gas mixture inlet line and 
gas  discharge line to permit  photographic records  of the flow patterns to 
be made. 
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The rotor  configuration shown in Figure 45 reflects the resu l t s  of a 
design optimization to provide an adequate margin between the operat- 
ing speed and the f i r s t  cr i t ical  speed. A bearing span of 5. 14 inches 
was used in the initial design. A crit ical  speed of 10,459 rpm was cal- 
culated. In order  to  elevate the f i r s t  cr i t ical  speed, l a rge r  bearings 
were used and the bearing span was increased to 8.00 inches. The f i r s t  
c r i t i ca l  speed for this configuration is in excess  of 17,000 rpm which is 
adequate for the t e s t  r ig  design speed of 12,000 rpm and specified over- 
speed of 14,400 rpm. 
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VIII. ADSORBER PROGRAM 

The lubricant for the rolling-element bearings must  be segregated from 
the high-purity main Brayton-cycle argon system. 
being pursued under this contract  utilizes a combination of face seals 
and labyrinth seals  to accomplish this separation. 
utilize a controlled flow of gas which is bled from the compressor .  A 
portion of the bleed argon passes  through the face seals  into the bearing 
Compartments and the remainder sweeps past  the face seals  to entrain 
any lubricant which migrates  out of the bearing compartments through 
the face seals .  This bleed argon must be purified before being returned 
to the main cycle. Oil in the form of droplets will be removed from the 
gas in a centrifugal separator  which will a lso cool the gas  to reduce the 
oil vapor solubility. 
by passing the gas through an adsorber bed pr ior  to returning it to the 
main cycle a t  the compressor  inlet. 

The design concept 

The labyrinth sea ls  

Final purification of the argon will be accomplished 

A survey of available technical information on absorption of l a rge r -  
molecule organic compounds has  resulted in pr imary  emphasis being 
placed on the use of molecular sieve mater ia ls  for removal  of lubricant 
f rom argon in the Brayton-cycle rolling-contact bearing system. The 
molecular sieve mater ia l s  a r e  alkali metal  aluminosilicates which have 
heen rnrzditioned hy removal of the water of hydration. Unlike most  other 
hydrated mater ia l s ,  the physical structure of the molecular sieve c rys ta l  
does not break down o r  reform when the water of hydration is removed. 
I  IS character is t ic  r e s u i t s  i r i  a condi t i~i ied o r  activated structure which 
contains a network of interconnected cavities and passages constituting 
approximately half the total volume of the crystal .  
molecular sieve a r e  commercially available. 
4A, 5A and 13X. All three have a cubic structure.  The 4A and 5A types 
have a cubic cell  edge dimension of 12. 32 angstroms while the type 13X 
has  a cubic cell  edge dimension of 24.95 angstroms. 
figuration of the 4A, 5A and 13X sieve mater ia ls  is such that molecules 
having cr i t ical  dimensions of up to 4, 5 and 13 angstroms respectively 
can be admitted into the s t ructural  cavities and adsorbed. The 4A and 
5A mater ia l s  have a void volume of 0.28 cubic centimeter per gram 
and the 13X mater ia l  has a void volume of 0. 35 cubic centimeter pe r  
gram. The molecular sieve mater ia ls  a r e  available in 1 /8  inch and 
1 /16  inch diameter pellets and in powder form. 
which represents  20 per  cent of the total pellet weight is used to bond 
the pellets. 

I- . 

'Three types of 
These a r e  Linde types 

The s t ructural  con- 

An iner t  mater ia l  
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1 
A s  reported in the first repor t  , an adsorber  tes t  r ig  was designed and 
constructed. 
and an adsorber  column. 
vaporizer to produce a mixture containing argon, oil vapor, and entrained 
oil. 
responding to system adsorber  inlet de sign temperature.  
causes  precipitation of finely-divided oil par t ic les  in the gas  s t ream 
which remain suspended in the stream. 
a swir l  separator  pr ior  to entering the adsorber  test section to remove 
entrained oil droplets. This separator s e rves  to simulate the function 
of the centrigugal separator  attached to the turboalternator. 
ing the separator ,  the gas s t ream which contains oil vapor and aerosol  
passes  through the adsorber column. The configuration of the tes t  r ig  
is shown in Figure 47. The tubing connecting the vaporizer to the ad- 
sorber  column as well a s  the adsorber column a r e  wrapped with electr ical  
res is tance tape to provide the heat necessary for temperature  control of 
these components. 

The tes t  r ig consists of a vaporizer ,  a swir l  separator ,  
Argon is bubbled through heated oil in the 

The gas-oil mixture leaving the separa tor  is cooled to 100"F, cor -  
This cooling 

The gas  s t ream is passed through 

After leav- 

Testing was initiated using highly- refined four- ring polyphenyl e ther  
and Linde 4A molecular sieve to investigate the operzting charac te r -  
is t ics  of the tes t  r ig  to develop instrumentation techniques. The gas  
p re s su re  and flow ra te  entering the vaporizer were varied over a range 
from 1-5 psig and 1-4 l i ters  per minute respectively at  a constant vapor- 
izer  oil temperature of 350'F. 
f rom 290°F to 350°F at constant inlet gas  p re s su re  and flow to determine 
the effect of these variables on the concentration of oil in the gas enter- 
ing the adsorber.  The concentration of oil in the gas  s t ream was found 
to be appr~ximately 100 ppm by weight and no significant change in con- 
centration was detected over the range of variables investigated. 
ently, the concentration of oil in the gas  s t r eam was dependent upon an  
equilibrium condition which was established as the gas and oil vapor leav- 
ing the vaporizer were  cooled to adsorber inlet temperature.  
charac te r i s t ic  permi ts  operation of the tes t  r ig  at a constant oil flow 
ra te  into the adsorber  with an adequate tolerance on p res su re  and tem- 
pera ture  control at the vaporizer. 
into the adsorber  to be varied in proportion to the gas flow rate. 

-. 
I ne vaporizer oil tenipratiire WZS vzriec! 

Appar- 

This 

It a lso permi ts  the flow rate  of oil 

Adsorption evaluation tes ts  of Linde 4A and 13X molecular sieve ma- 
te r ia l s  were  performed using the adsorber tes t  rig. 
were  in powder form having particle s ize  corresponding to 60-80 mesh  
o r  1/16 inch pellets. In each tes t  the adsorber  column was loaded with 
approximately 36 g rams  of the molecular sieve material .  The tes t  r ig  
was  operated with four-ring polyphenyl ether heated to 350°F in the vapor- 
izer  with an argon flow rate  of 1 liter per  minute. 

The sieve mater ia l s  
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The duration of each tes t  was 100 hours. 
argon downstream of the adsorber column during the tests.  
end of the tes t  period the contents of the adsorber column were  divided 
into sections and the oil content of each section was extracted and 
measured. 
for the f i r s t  two t es t s  were a s  follows: 

N o  oil was detected in the 
At the 

The resul ts  of the adsorber column oil content analysis 

100-Hour Test  of Linde Type 4AMolecular Sieve Powder 

Micrograms of 
Portion of Column Grams of Oil Adsorbed oil per g ram of argon 

f i r s t  1 /4  (inlet) 
second 1 /4  
third 1 /4  
remainder 

0. 746 
0. 521 
0. 025 
0.003 

61 
42 

2 
0. 3 

100-Hour Test  of Linde Type 13X Molecular Sieve Powder 
Conditioned at 300°F for 15 Hours 

Micrograms of 
Portion of Column Grams of Oil Adsorbed oil per  gram of argon 

first l j 6  
second 1/16 
second 1 /8  
third 
r cmainder 

0.885 ?2 
0.039 3 
0.022 1.8 
0.0012 0.1 

less than 0.0008 l e s s  than 0.07 

A post-test  closeup view of the inlet section of an adsorber column is 
shown in Figure 48. 
having a particle size corresponding to 60-80 mesh. 
saturated adsorber is evident a t  the column inlet. 

In this t e s t  the adsorbent was molecular sieve 
A band of oil- 

The t e s t  resul ts  of the second tes t  would indicate that approximately 
5 g r a m s  of 13X molecular sieve powder per  gram of oil would rem<ive 
essentially all of the polyphenyl ether entering the column. However, 
column pressure  drop i s  inversely proportional to particle size and 
the pressure  drop for the powder absorber is excessive. 
to mee t  pressure  drop requirements, the use of a pellet mater ia l  may 
be m o r e  attractive. 

Therefore, 
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F i g u r e  48 Inlet  Section of Adsorber  Column Fi l led  with Adsorba te  
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A third 100-hour evaluation tes t  was conducted using the adsorber  tes t  
rig. In this tes t  the adsorber column was loaded with approximately 
40 grams of 1/16 inch diameter Linde 13X molecular sieve pellets. 
The tes t  r ig  tubing and vaporizer were cleaned and the vaporizer was 
recharged with PWA- 524 5-ring polyphenyl ether-based oil. 
hour tes t  was completed. 
mater ia l  in the column is being conducted. 

The 100- 
Analysis of the oil content of the adsorber 

Par t ic le  size measurements  on Linde Type 4A and 13X molecular sieve 
mater ia l  in powdered form graded t o  60-80 mesh s ize  were  completed. 
The resu l t s  of these measurements  a re  a s  follows: 

Molecular Sieve 
Type 

4A Pre tes t  
4A Posttest  
13X Pre t e s t  

Size Range 
Microns 

131 - 188 
104 - 224 
8 3 -  166 
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Ix. LUBRICANT SELECTION 

1 
In the previous report  
were examined for  this application. 
were 1) five-ring polyphenyl ether (PWA- 524A), 2) four-ring polyphenyl 
ether (MCS- 333),  and 3) super-refined mineral  oil (MLO- 7277). 
ing this repor t  period one lubricant property was examined fur ther ,  
that i s ,  the ability of the lubricant to provide long bearing life. 

the properties of three candidate lubricants 
The three lubricants considered 

Dur- 

A direct  comparison of the lubricant properties of the polyphenyl e thers  
and mineral  oil is not possible based on the data available. Unfortunately, 
no t e s t  of a direct  comparison of the oils has been reported. Some tes t s  
have been conducted under similar circumstances,  but in these cases  
one oil contained additives and the other did not. The only experimental 
data of the performance of the oils with the bearing mater ia l  selected,  
vacuum melt  M- 50, a r e  reported in Reference 20. This paper presents  
the resul ts  of endurance tes t s  of 30 M-50 bearings lubricated with PWA- 
524, 5-ring polyphenyl ether oil. The oil-in temperature was 500°F and 
the bearings were run at  speeds between 1.25 and 1. 5 million DN (dia- 
meter  in mil l imeters  x speed in  rpm). Two different bearing s izes  were 
tested. In the course of these tes ts  none of the bearings failed, indicat- 
ing a bearing life at least  14 t imes the  AFBMA standard life. 
comparable data with the other two candidate oils is not available. 

Unfortunately, 

Since the 5-ring - polyphenyl ether (PWA- 524A) oil has produced excellent 
resu l t s  in vacuum melt  M-50 bearing endurance tes t s ,  and since this oil 
has low vapor pressure  minimizing the lead on the adserber ,  this oil is 
recommended for the Brayton-cycle application. 
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